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The objectives of the present study were to produce bioactive coatings in solutions containing Ca, P,
and Si by plasma electrolytic oxidation (PEO) on commercially pure titanium, to investigate the
influence of different electrolytes concentration and treatment duration on the produced anodic films
and to evaluate biocompatibility properties. The anodic films were characterized using scanning
electron microscopy, energy-dispersive spectroscopy, atomic force microscopy, and x-ray diffraction
and x-ray photoelectron spectroscopies. The surface energy and roughness were also evaluated. PEO
process parameters influenced the crystalline structure formation and surface topography of the an-
odic films. Higher Ca content produced larger porous (volcanolike appearance) and thicker oxide
layers when compared to the lower content. Treatment duration did not produce any topography dif-
ference. The treatment modified the surface chemistry, producing an enriched oxide layer with bio-
active elements in the form of phosphate compounds, which may be responsible for mimicking bone
surface. In addition, a rough surface with increased surface energy was generated. Optimal spreading
and proliferation of human mesenchymal stem cells was achieved by PEO treatment, demonstrating
excellent biocompatibility of the surface. The main finding is that the biofunctionalization with
higher Ca/P on Ti-surface can improve surface features, potentially considered as a candidate for
dental implants. VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4932579]
I. INTRODUCTION
The use of commercially pure titanium (cpTi) and its
alloys has been widely spread for dental and orthopedic
applications, because of their excellent mechanical strength,
chemical stability, biocompatibility, and facilitated osseoin-
tegration.1,2 It is known that surface characteristics such as
roughness, hydrophilicity, and chemical composition have a
significant behavior on cell adhesion on Ti implants and
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consequently their clinical success rate.2,3 A thin oxide layer
is naturally formed on titanium surface when exposed to air
(TiO2). Some surface engineering techniques such as sol-gel,
plasma spray, chemical vapor deposition, and oxidation have
been developed to modify Ti oxide layers to produce supe-
rior surface properties.4 TiO2 exists in three polymorphic
forms, as anatase, rutile, and brookite.5 Biomedical research-
ers have reported that the formation of anatase on implants
of Ti and its alloys improves their bone compatibility6
whereas rutile phase of titania shows a better corrosion and
wear resistance.5,7 Therefore, it has been proposed to create
an oxide layer that combines both polymorphic forms.
Plasma electrolytic oxidation—PEO (also named as
microarc oxidation or anodic spark deposition) is a novel
technique that can be precisely applied to design the surface
properties.8,9 It consists of an electrochemical process of oxi-
dation that is accompanied by plasma microdischarges on
the surface of components immersed in an electrolyte.8,10,11
In addition, the oxidation is a promising technique with
uncomplicated setup, and controllable chemical reaction
methods for producing bioactive microporous surfaces with
superior mechanical, wear, thermal dielectric, and corrosion
properties.4 This method creates a coating that has a high ad-
hesive strength into the substrate, which is an important fac-
tor when implants are involved.12
An advantageous characteristic of this technique is the
incorporation of different elements from the electrolytes into
the oxide layer, such as calcium (Ca), phosphorous (P), and
silicon (Si), in order to improve the biological response by
increasing bone-implant contact, providing better healing
and osseointegration.3,13–17 The incorporation of Ca, P, and
Si plays an important role in bone growth, calcification of
the bone matrix and cell differentiation.3,18,19 When implant
surface is enriched with Ca, the rate of hydroxyapatite pre-
cipitation seems to be higher, due to an increased ability to
absorb proteins. Calcium ions may have the ability to attract
proteins, resulting in faster healing process and osseointegra-
tion.8,20 Therefore, surfaces with calcium phosphate phases
provide beneficial effects of the biocompatibility of the
materials.1,21 Beyond that, Si is an essential element for the
normal growth and development of bone and connective tis-
sues. The Si-containing calcium phosphate ceramics were
widely investigated and proven to be more bioactive and
favorable for the attachment and spreading of osteoblast on
their surfaces, thereby allowing early loading on the implants
and increasing their success rate.19,22 In addition, the forma-
tion rate of calcium phosphates increases in the presence of
Si,23 which enhances the surface properties.
Thereby, biofunctionalization is a process that happens
when a material is modified to add biological function,
whether temporary or permanent, and further biologically
compatible.24 In biomedical applications, biofunctional
implants are desirable to be accepted by the host organism
while they replace or repair a defective biological
function.25
The dental implant companies have been using different
methods for surface treatment, such as etching; etching and
deposition of Ca and P; blasting with alumina; blasting with
TiO2; blasting with TiO2 and treatment with hydrofluoric
acid; blasting with calcium phosphate; sandblasting and
etching; anodizing; deposition of nanoparticles of Ca and P
ions; and other methods for obtaining a better tissue
response.26 Although surface treatment has promoted a sig-
nificant advance on Implant Dentistry, the market of dental
implants still needs efforts to improve cpTi regarding not
only biological responses but also mechanical properties.
Recently, Hujoel et al.27 compared the failure rates of two
distinct dental implant systems in a clinical practice setting,
in which ranges between 4.3% for the porous oxidized sur-
face and 8.2% for the chemically altered surface were found.
Although PEO treatment has been used along the last dec-
ades, only recently PEO became one of the most important
techniques to produce porous and well-adhered ceramiclike
films on Ti surfaces.28 The oxide layer characteristics can be
affected by the electrolyte solution (composition and con-
centration) and treatment process parameters. So that, by
changing the oxidation parameters, as voltage, frequency,
duration and the composition of the electrolyte, it can be
obtained layers of various chemical compositions and vari-
ous properties.8,11 However, the influence of the treatment
parameters on the surface features has been under studied.
There is still a lack of knowledge in the literature regarding
the optimal treatment parameters in order to produce bio-
functional films with improved surface features for dental
applications. Only limited studies investigated the effect of
Ca and P concentrations, treatment duration and the hy-
droxyapatite ratio during PEO process. This technique has
been investigated as one of the best methods of incorporating
CaP-based oxide layer on the biomedical materials. In a
recent review paper, Rafieerad et al.28 focused on the effects
of voltage, time, and electrolytes on a calcium phosphate-
base composite layer in case of pure titanium and other bio-
medical grade titanium alloys via PEO method. Therefore,
PEO investigation with bioactive elements incorporation is
still needed in order to develop a new generation of dental
implants with faster osseointegration and reduced rehabilita-
tion time.
Therefore, this study aimed (1) to produce biofunctional
Ti surfaces by developing biomimetic coatings using an
aqueous electrolyte containing Ca, P, and Si, (2) to evaluate
the effect of different electrolytes, tuning Ca and P concen-
trations and treatment duration on the surface characteristics,
as topography, roughness, surface energy, chemical and
phase composition of the films produced by PEO technique,
and (3) to evaluate biocompatibility properties.
II. EXPERIMENT
A. Specimens preparation
CpTi disks (American Society for Testing of Materials-
ASTM Grade II) with 15 mm in diameter and 2 mm in thick-
ness (MacMaster Carr) were fabricated. The disks were wet
ground with #320, #400, and #600 SiC abrasive papers
(Carbimet 2; Buehler). Afterward, they were washed and
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degreased with acetone (10 min), alcohol (10 min), and dis-
tilled water (10 min) in an ultrasonic bath and then air dried
prior to PEO treatment. A bipolar pulsed DC power supply
(Plasma Technology, Ltd.) was used for PEO process. A
stainless steel container was used to store the electrolyte as
cathode while the Ti disk was placed in the electrolytic cell
as the anode. During the treatment, the electrolyte contained
stainless steel cylinder was mounted in a water bath cooled
by a cooling system, to absorb the process heat. A tweezers
was used as a specimen holder to allow complete exposure
of the sample to the electrolyte (Fig. 1). PEO treatments
were conducted in different aqueous solutions. The electro-
lytes were prepared by mixing calcium acetate [CaA—
Ca(C2H3O2)2] (Sigma-Aldrich) and b-glycerol phosphate
(bGP—C3H7Na2O6P) (Sigma-Aldrich) with different Ca/P
concentrations (0.3/0.02M; 0.1/0.03). For Si incorporation,
sodium silicate (Na2SiO3) (Vetec Quimica Fina, Ltd.) was
added on the previous electrolyte (Table I). The voltage, fre-
quency, and duty cycle were fixed at 290 V, 250 Hz, and
60%, respectively. The treatment duration was setup either
in 5 or 10 min. After PEO treatment, the specimens were
rinsed in distilled water and dried in warm air.
The present study was comprised of seven groups, non-
coated disk was considered as control, and the experimental
groups were divided according to the electrolytes concentra-
tions and the treatment duration, as described in Table I.
B. Oxide layer characterization
1. Scanning electron microscopy and energy
dispersive x-ray spectroscopy analyses
The surface morphologies of the coatings were analyzed
under scanning electron microscopy (SEM) observations
(JEOL JSM-6010LA) and the chemical composition was
examined by an energy dispersive x-ray spectroscopy (EDS)
device attached to the SEM. The top surface and the cross-
sectional area were selected to perform EDS analysis to have
a better understanding of elements distribution in the oxide
layer. For cross-section analysis, the disks were cut in half in
a precision cutting system (Exakt Advanced Technologies)
and embedded in polyester resin (Teclago). Then, the cross-
sectional area was ground with a sequence of #320 to #1200
SiC abrasive papers (Teclago). Finally, alumina suspension
(Teclago) on polishing cloth (Teclago) was used as a final
step to achieve a mirror finishing.
2. Atomic force microscopy analysis
An atomic force microscope (5500 AFM/SPM, Agilent
Technologies) was used to observe the 3D surface topography
of noncoated and PEO treated samples in order to compare
the produced coatings based on different electrolytes and
treatment duration. Images of 40 40 lm2 were obtained
using a noncontact mode (tapping) and two distinct areas of
the samples were chosen for analysis. A software (GWYDDION
FIG. 1. Schematic illustration of the device for PEO. Closed view of chemical reactions in aqueous solutions near the sample during the high voltage spark
treatment.
TABLE I. Experimental groups and parameters of the electrolytes used for
PEO treatment.
Experimental groups
CaA
(M)
bGP
(M)
Sodium silicate
(M)
Duration
(min)
0.3-PEOa 0.3-CaP5 0.3 0.02 5
0.3-CaP10 0.3 0.02 10
0.1-PEOb 0.1-CaP5 0.1 0.03 5
0.1-CaP10 0.1 0.03 10
0.1-CaPSi5 0.1 0.03 0.04 5
0.1-CaPSi10 0.1 0.03 0.04 10
aPEO treated groups with higher CaA/bGP-based electrolyte.
bPEO treated groups with lower CaA/bGP-based electrolyte.
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V 2.37; GNU General Public License) was used for image
processing.
3. Surface roughness analysis
The surface roughness of all groups was performed using
a profilometer (Dektak 150-d; Veeco). Each sample was
individually placed in the center of the equipment, with the
measuring tip of the profilometer on the surface. Three
500 lm length measurements were performed during 12 s at
different areas on each disk for each PEO condition and
the mean value was calculated. The Ra (arithmetic mean of
surface roughness), Rq (root-mean-square roughness), Rz
(height between the maximum and minimum profiles over
evaluation length), and Rt (vertical distance between the
highest peak and the deepest pit) values were obtained.
4. Surface free energy
Contact angles of each group were measured by auto-
matic goniometer (Rame-Hart Instrument, Co., 0.100-00).
Distilled deionized water (polar liquid) and diiodomethane
(nonpolar) were employed. By turning the micrometer screw
gradually, a drop was obtained, which remained attached
to the needle tip due to its surface tension. The apparatus
allows adjustment of the number of steps/time. Twenty
measurements were taken for every drop of both liquids, in
order to obtain a mean value. The liquids contact angle was
determined by a charge-coupled device camera that captures
the image of the drop deposited on the material. An image
program determines the profile of this drop and then calcu-
lates the contact angle. Measuring the angle with a polar liq-
uid and another nonpolar, the program is able to calculate
the surface free energy of the material by the harmonic
method.29
5. X-ray diffraction analysis
The films phase composition were determined by a x-ray
diffractometer (XRD; Panalytical, X’Pert3 Powder), using
Cu Ka radiation (k¼ 1.540598 Å) at 45 kV and 40 mA, con-
tinuous scan speed of 0.05/s for a scan range of 2 from 20
to 90.
6. X-ray photoelectron spectroscopy analysis
The chemical composition of the oxide layers was also
determined by x-ray photoelectron spectroscopy (XPS). The
spectrometer (Vacuum Science Workshop, VSW HA100) with
a hemispherical analyzer was operated in constant transmis-
sion mode, resulting in a line width of 1.6 eV for Au 4f7/2.
Al Ka (1486.6 eV) radiation was used for excitation. The pres-
sure during measurements was less than 2 108 mbar.
Surface charging was corrected for by fixing the C1s line at
284.6 eV.30
7. Biocompatibility assay
For preliminary biological experiment, two groups were
considered (noncoated and 0.3-CaP10). For this, all samples
(n¼ 3) were sterilized in ethylene oxide gas prior to the test.
Human mesenchymal stem cells (hMSCs) provided by
Tulane University were incubated in a humidified atmosphere
with 5% CO2 at 37
C in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (Gibco,
Life Technologies) and 1% antibiotics (penicillin–streptomy-
cin) (Gibco, Life Technologies). After reaching 70%–80% of
confluence, the cells were detached from the samples with
0.05% trypsin-Ethylenediamine tetraacetic acid (Gibco, Life
Technologies), centrifuged, resuspended in culture medium,
and counted using a hemocytometer for seeding over the
sterilized disks at a density of 1.3 105 cells/ml. Every 3
days, the culture medium was replaced, and cells at the fourth
passage were used for the experiment.
The surface biocompatibility was assessed by field emis-
sion scanning electron microscope (FESEM, JEOL, JSM-
6320F) by focusing on the cells response and morphology
after 6 days of culture. Regarding FESEM observation proto-
col, all surfaces were washed twice with Phosphate-buffered
saline, fixated with 2% glutaraldehyde in sodium cacodylate
buffer (pH 7.4) and gradually dehydrated with gradient etha-
nol solution, critical-point dried and sputter-coated with gold
in sequence as final step, before imaging.
8. Statistical analysis
One-way analysis of variance was used to determine the
differences among groups and Tukey honest significant dif-
ference test was used as a post hoc technique for multiple-
comparison of the mean values among all groups. All analy-
ses were conducted using statistical software (SPSS V. 20.0;
SPSS, Inc.), and the differences were considered to be signif-
icant if p< 0.05.
III. RESULTS AND DISCUSSION
Surface modification of dental implants through PEO pro-
cess is addressed in this investigation. It is known that such
treatment would affect surface roughness, porosity, wettability,
and consequently cell and bacterial adhesion to the implant.2,31
Therefore, the main goal for coating ceramics on implants is to
induce rapid bone formation on their surface at an early stage
of implantation.20,32–35 To improve mechanical interlocking
with a faster and stable bone anchorage, osteoconductivity or
bioactivity is desirable for surface treatments, allowing faster
bone apposition inside the porous structure and a strong chemi-
cal bonding between implant and bone tissue.36
SEM micrographs showed the morphologies of the PEO
treated surfaces (Fig. 2). In a macroscale observation, the
anodic films appeared in white gray with a porous overlap-
ping structure. There was a slight difference on the porous
configuration on surfaces with different Ca/P ratios. It is
interesting to note that the size and depth of micropores
increased as the Ca/P ratio is increased. The 0.3-PEO treated
groups presented an anodic film with larger porous size and
deeper valleys, characterized by the appearance of craters
(“volcanoes”).37 The phenomenon may be associated to the
effects of phosphorus and calcium on the growth of the oxide
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films due to the anodic spark discharge occurred on the sur-
face of specimens when high voltage is applied.35 Possibly,
this will assist in developing and tuning enhanced surface
texture for the biomedical application.
Cross-sectional SEM micrographs of PEO treated sam-
ples can be seen in Fig. 3. The coatings thicknesses were
estimated to be in a range of 5.15–6.26 lm for 0.3-PEO and
1.94–3.08 lm for 0.1-PEO treated disks. The thickness may
be related to the electrolyte Ca concentration, in which
thicker oxide layers were obtained in more concentrated sol-
utions.23,38 Based on the surface treatment conditions used
in this study, treatment duration seems not to have influ-
enced the thickness of the oxide layers. One possible reason
is that under the studied conditions, PEO process starts with
high intensity of microdischarges; however, they may
decrease throughout the procedure at longer times, in which
from 5 to 10 min, there is no growth of the oxide films. On
the contrary, Montazeri et al.39 observed that the thickness
of the coatings significantly increased when the PEO treat-
ment duration also increased. The differences may be
explained by different PEO treatment parameters, such as
electrolytes, voltage, and frequency. Further experiments are
necessary to evaluate the parameters influence on the thick-
ness of the produced coatings.
EDS analyses determined the element distribution
(Figs. 2 and 3) and atomic concentration of each element
at both surface [Fig. 4(a)] and cross-sectional areas
[Fig. 4(b)] of the coatings. Ti, O, Ca, P, and Si were identi-
fied in the anodic films, according to each electrolyte com-
position. Both areas presented O as main component of the
coatings with more than 70% on cross-section and 50%
on the top surface. For Ti, smaller amounts were found in
the cross-section oxide layer. In relation to Ca and P, the
elements were well distributed and 0.3-PEO groups
FIG. 2. SEM surface morphologies of Ti surfaces: untreated (a) and treated with different electrolytes and duration of PEO: (b) 0.3-CaP5, (c) 0.3-CaP10, (d)
0.1-CaP5, (e) 0.1-CaP10, (f) 0.1-CaPSi5, and (g) 0.1-CaPSi10. The colors are related to the intensity of each element, from the white indicating high concen-
tration to black indicating absence of the element.
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presented higher Ca/P ratios in the surface, with values
close to the hydroxyapatite (1.67).40 The two groups pre-
pared in a Si-containing electrolyte (0.1-CaPSi5 and
0.1-CaPSi10) presented Si in the surface area [Figs. 2(e)
and 2(f)], indicating that the element was successfully
incorporated into the coating. However, in the cross-
sectional area, the detection of Si is uncertain once the pol-
ishing procedure with the SiC abrasive papers may have
influenced, since it was the only way to perform cross-
section analysis in this area.
The oxide layers produced on cpTi were investigated by
XPS in order to analyze the chemical state of the elements at
the outermost surface. The elements were first identified in
the survey spectra (data not shown). For noncoated group,
peaks at binding energies corresponding to Ti, O (from the
oxide native layer), and carbon (surface contaminants) were
observed. Besides previous elements, different peaks at bind-
ing energies corresponding to calcium and phosphorous
were identified in PEO treated samples, in agreement with
EDS results. Furthermore, both Si-based electrolyte groups
FIG. 3. Cross-sectional SEM micrographs of PEO treated samples and the element distributions in the film: (a) 0.3-CaP5, (b) 0.3-CaP10, (c) 0.1-CaP5, (d) 0.1-
CaP10, (e) 0.1-CaPSi5, and (f) 0.1-CaPSi10.
FIG. 4. Elemental composition (in at. %) of the surface (a) and the cross-section (b) region of the oxide layers evaluated from EDS analysis for all groups.
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FIG. 5. Ti 2p XPS spectra of the noncoated sample (a) and a representative of the PEO treated surfaces (b).
FIG. 6. O 1s XPS spectra of the noncoated sample (a) and a representative from the PEO treated surfaces (b).
FIG. 7. Representative XPS spectra of all PEO treated surfaces for Ca 2p (a) and P 2p (b) and of Si-doped groups for Si 2p (c).
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(0.1-CaPSi5 and 0.1-CaPSi10) presented peaks correspond-
ent to this element. Analysis of the results indicated the
presence of: Ti, O, Ca, P, and Si, and further elemental high-
resolution analyses were performed at the correspondent
binding energies. The Ti 2p spectra were similar between
control and experimental groups, presenting peaks centered
approximately at 458 eV (Ti 2p3/2) and 464 eV (Ti 2p1/2)
for all of them, although with different intensities. These
binding energies are referred to the Ti–O bonds in TiO2. A
slight difference can be noted (Fig. 5) suggesting the pres-
ence of a very thin oxide layer on the top of the metal in non-
coated sample.41,42 Regarding O 1s spectra (Fig. 6), it can be
observed peaks at 530 eV from the O2
 ions, which corre-
sponds to TiO2 layer presented after Ti oxidation process;
peaks at 532 eV, that may be attributed to OH ions and/or
CaP-groups42,43 and one more peak for noncoated samples at
534.5 eV. The Ca 2p bands [Fig. 7(a)] have peaks centered at
a range of 346.7–347.5 eV (Ca 2p3/2) and 350.3–351.2 eV
(Ca 2p1/2) for all PEO treated samples, which can be
referred to Ca in calcium phosphate compounds.41,42 Along
the same line, the P 2p peaks [Fig. 7(b)] are centered at a
range of 132.8–133.5 eV, also common for P in calcium
phosphates.41,42 These findings are in accordance with
several studies that produced anodic films using CaP-based
electrolytes.6,35,44 The binding energies of Si 2p [Fig. 7(c)]
for 0.1-CaPSi5 and 0.1-CaPSi10 were 102.62 and 102.19 eV,
respectively, which suggests the formation of a Si-doping
compound into the produced oxide layer (Si/TiO2).
43
Figure 8 shows AFM surface topographies of the non-
coated and PEO treated samples. It can be observed some ab-
rasion grooves on the cpTi surface due to the polishing
procedure [Fig. 8(a)]. In all treated groups [Figs. 8(b)–8(g)], a
porous surface can be observed owing to the dielectric break-
down during the surface treatment. It is interesting to restate
that the different electrolytes varying the CaA content pro-
duced different porous configuration on the surface. The pore
size and depth in the oxide layer increase when the CaA con-
centration increases in the electrolyte.37 In 0.1-PEO groups,
the porous are smaller and flatter than the 0.3-PEO groups,
what can influence the surface properties as roughness and
surface energy. Therefore, independently of the addition of Si
FIG. 8. AFM surface topographies (40  40 lm2) of Ti surfaces: noncoated
(a) and treated with different electrolytes and duration of PEO: (b) 0.3-
CaP5, (c) 0.3-CaP10, (d) 0.1-CaP5, (e) 0.1-CaP10, (f) 0.1-CaPSi5, and (g)
0.1-CaPSi10.
FIG. 9. Surface roughness (Ra, Rq, Rt, and Rz) of cp-Ti for control (non-
coated) and PEO treated samples (lm). The letters indicate a statistical sig-
nificance from the control group: (a) and (b) p 0.001. Different letters
indicate significant difference.
FIG. 10. Polar, dispersive and total surface energy of all groups: noncoated
and PEO treated surfaces. *Significant difference from the control group
(p< 0.001).
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to the electrolyte, the treatment produced an oxide layer with
similar structure and the total incorporation of bioactive ions
as Ca and P in the film was not significantly altered.
The surface roughness (Ra, Rq, Rt, and Rz) of all groups
is presented in Fig. 9. The formation of outgrowths and pores
with different sizes during the oxidation process increases
the roughness of the anodic films.20,23,45,46 All PEO treated
surfaces presented rougher surfaces when compared to the
noncoated group (p< 0.001), and 0.3-PEO groups showed
the greatest surface roughness values (p< 0.05). Based on
the results, higher Ca content was able to produce rougher
surfaces in comparison with the other groups. According to
Zareidoost et al.,18 rougher surface produced better osteo-
blastic cellular response in comparison with smooth tita-
nium. The ideal surface roughness values remains unknown
in the literature, however it is well established that surface
roughness affects osseointegration and the mechanical stabil-
ity of implants.8,18,32,33
In addition to roughness, the surface energy of an implant
is another surface feature that plays a significant role in pro-
tein adsorption, which affects the biological response to the
implant. The total surface energy of the films, the polar and
dispersive components can be seen in Fig. 10. It is known
that the total energy depends on both the surface chemical
structure and roughness. The polar component obtained with
ion implantation is always small. For noncoated group, the
surface energy is noticeable lower than those of the PEO
treated surfaces (p< 0.001). Furthermore, ions Ca2þ and
PO4
3 are hydrophilic components when present in the oxide
layer, due to the surface hydration leading to low contact
angles.33 The higher surface hydrophilicity on bone-implant
integration may yield accelerated healing and early osseoin-
tegration process.33,47 Several studies suggest that earlier
and more stable osseointegration can possibly extend the
long term success rate of the implant.47
According to XRD results (Fig. 11), anatase phase was
generated in all PEO treated groups. Therefore, the highest
concentration of Ca was able to produce rutile as a crystal-
line structure, what was not found in the lowest concentra-
tion.37 Anatase phase exhibits a higher ability for apatite
precipitation due to a higher OH– adsorption capacity in the
body fluid, being an important parameter for bioactivity.6,48
In addition, the presence of rutile phase shows a better pro-
tective behavior of the material as corrosion resistance5,7 and
a superior wear resistance due to the good adhesion with the
substrate and the increase in thickness, which leads to harder
coatings.49 According to Oliveira et al.,45 anatase is well dis-
tributed throughout the surface film, while rutile phase seems
to be mainly located in the outer area around the major pores
(volcanoes). It suggests that the brighter areas of the pores
(top region) from AFM images of 0.3-PEO groups are pre-
dominant rutile in their composition.
Such modified surface characteristics are extremely im-
portant to enhance the biocompatible and osteoconductive
properties of biomaterials, once they are able to promote
changes in the arrangement of adsorbed proteins that lead to
alterations in integrin binding and subsequent cellular behav-
ior.31 The spreading, attachment, and morphology of hMSCs
cultured on noncoated and 0.3-CaP10 surfaces for 6 days are
presented in Fig. 12. Under FESEM observation, it can be
observed that at day 6, the cells presented an active prolifera-
tion activity, spreading out over the entire surface with good
adhesion to the substrate, indicating that PEO treated surfa-
ces are as biocompatible as control. Biological studies have
revealed that the cells on CaP substrates are well-spreaded
FIG. 11. X-ray diffraction patterns of cp-Ti for control: noncoated (a); and
PEO treated samples: 0.3-CaP5 (b), 0.3-CaP10 (c), 0.1-CaP5 (d), 0.1-CaP10
(e), 0.1-CaPSi5 (f), and 0.1-CaPSi10 (g). Based on XRD baselines for tita-
nium (PDF#00-044-1294), anatase TiO2 (PDF#01-071-1166), and rutile
TiO2 (PDF#00-021-1276).
FIG. 12. FESEM images of hMSCs adhered to noncoated (a) and 0.3-CaP10 surfaces at day 6.
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presenting a polygonal cell shape with many lamellipodia
and filopodia extensions, which is an indication of a good
interaction with the substrate20,50,51 In addition, osteogenic
gene levels are strongly influenced by the surface chemistry
of CaP films,52,53 which is related to the mineralization
potential regarding earlier stages of osseointegration when
dental implants are considered.
Regarding the coatings obtained in the oxidation, it can
be observed that PEO treatment improved the surface prop-
erties. We can clearly notice that surface parameters such as
roughness, surface energy, phase, and chemical composition
improved with the present treatment, what may enhance the
bioactivity of Ti surface, the implant–tissue interaction, and
osseointegration. Further biological investigation either
in vitro or in vivo experiments will be performed in future
works. In addition, additional studies are required to deter-
mine the mechanical stability of such films and to evaluate
the effect of such characteristics under adverse in vivo
conditions.
IV. CONCLUSIONS
Based on the results of this study, the following findings
can be drawn:
(1) Porous oxide layers enriched with bioactive elements as
Ca, P, and Si were successfully obtained.
(2) Electrolyte composition played a major role on the pro-
duced oxide layer. Anodization with higher Ca content
was able to produce optimized surface characteristics
(topography, roughness, chemical composition, thick-
ness of the film, and crystalline structure).
(3) The size and depth of micropores increased as the Ca/P
ratio is increased. Possibly this will assist in developing
and tuning enhanced surface texture for the biomedical
application.
(4) Neither the treatment duration nor the addition of Si
influenced the surface topography during the PEO
process.
(5) PEO treatment promoted optimal spreading and prolifer-
ation of hMSCs, demonstrating excellent biocompatibil-
ity of the surface.
(6) Such produced surface features are very important to
protect material degradation in an oral environment and
for osseointegration process, which makes this surface
treatment very promising for dental applications.
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